The neurotrophic effects of neurturin (NRTN) on chick cranial ganglia were evaluated at various embryonic stages in vitro and related to its receptor expression. NRTN promoted the outgrowth and survival of ciliary ganglion neurons at early embryonic (E) stages (E6-E12), trigeminal ganglion neurons at midstages (E9-E16), and vestibular ganglion neurons at late stages (E12-E16). NRTN had no positive effects on cochlear ganglion neurons throughout development. In accordance with the time and order of onset in NRTN responsiveness, Ret protein was first detected in ciliary ganglia at E6, subsequently in trigeminal ganglia at E9, and in vestibular ganglia at E12. Ret was absent in E16 ciliary ganglia as well as in cochlear ganglia at all developmental stages that were tested. Exogenous application of retinoic acid induced NRTN responsiveness and Ret protein expression from E9 vestibular ganglion neurons, suggesting that retinoic acid can regulate Ret protein expression in peripheral sensory neurons in vitro. Ret was confined to the neuron cell body, whereas GFR␣ was localized predominantly in peripheral and central neurite processes. No noticeable change in GFR␣ expression was seen in any cranial ganglia throughout the developmental stages that were tested (E6-E16). These results demonstrate that NRTN exerts neurotrophic effects on different cranial ganglia at different developmental stages and that the onset and offset of NRTN responsiveness are regulated mainly by the spatiotemporal patterns of Ret, but not of GFR␣ receptors. The results also substantiate the recently emerging view that NRTN may be an essential target-derived neurotrophic factor for parasympathetic neurons during development.
The neurotrophic effects of neurturin (NRTN) on chick cranial ganglia were evaluated at various embryonic stages in vitro and related to its receptor expression. NRTN promoted the outgrowth and survival of ciliary ganglion neurons at early embryonic (E) stages (E6-E12), trigeminal ganglion neurons at midstages (E9-E16), and vestibular ganglion neurons at late stages (E12-E16). NRTN had no positive effects on cochlear ganglion neurons throughout development. In accordance with the time and order of onset in NRTN responsiveness, Ret protein was first detected in ciliary ganglia at E6, subsequently in trigeminal ganglia at E9, and in vestibular ganglia at E12. Ret was absent in E16 ciliary ganglia as well as in cochlear ganglia at all developmental stages that were tested. Exogenous application of retinoic acid induced NRTN responsiveness and Ret protein expression from E9 vestibular ganglion neurons, suggesting that retinoic acid can regulate Ret protein expression in peripheral sensory neurons in vitro. Ret was confined to the neuron cell body, whereas GFR␣ was localized predominantly in peripheral and central neurite processes. No noticeable change in GFR␣ expression was seen in any cranial ganglia throughout the developmental stages that were tested (E6-E16). These results demonstrate that NRTN exerts neurotrophic effects on different cranial ganglia at different developmental stages and that the onset and offset of NRTN responsiveness are regulated mainly by the spatiotemporal patterns of Ret, but not of GFR␣ receptors. The results also substantiate the recently emerging view that NRTN may be an essential target-derived neurotrophic factor for parasympathetic neurons during development.
Key words: neurturin; GFR␣; Ret; ciliary; trigeminal; vestibular; cochlear; chicken Neurturin (N RTN) is a member of the glial cell line-derived neurotrophic factor (GDN F) ligand family, which now comprise three other ligands, GDN F (Lin et al., 1993) , persephin (PSPN; Milbrandt et al., 1998) and artemin (ARTN; Baloh et al., 1998) . NRTN originally was isolated from Chinese hamster ovary conditioned medium on the basis of its ability to promote the survival of sympathetic neurons (Kotzbauer et al., 1996) . Despite a relatively low sequence homology (42%), the neurotrophic effects of NRTN strikingly resemble those of GDN F. Both N RTN and GDNF promote the survival of nodose, superior cervical sympathetic, and dorsal root ganglion neurons in vitro (Buj-Bello et al., 1995; Trupp et al., 1995; Kotzbauer et al., 1996) . Although accumulating evidence indicates that N RTN acts as a survival factor for several autonomic and sensory neural populations in vitro, the central question of what role N RTN plays in the peripheral nervous system (PNS) development remains to be determined.
N RTN and other members of the GDN F ligand family share a receptor complex, which is composed of a glycosylphosphatidylinositol (GPI)-linked ligand-binding protein (GFR␣) and a transmembrane tyrosine kinase receptor, Ret. GDNF and NRTN each bind to GFR␣. This ligand-binding protein complex then can activate Ret. Four GPI-linked receptors have been cloned thus far and designated as GFR␣1 (Jing et al., 1996; Treanor et al., 1996) , GFR␣2 (Baloh et al., 1997; Buj-Bello et al., 1997; Klein et al., 1997) , GFR␣3 (Jing et al., 1997; Baloh et al., 1998; Masure et al., 1998; Worby et al., 1998) , and GFR␣4 . Several lines of evidence suggest that GDNF, NRTN, ARTN, and PSPN have the highest binding affinity to GFR␣1, GFR␣2, GFR␣3, and GFR␣4, respectively (Baloh et al., 1997 (Baloh et al., , 1998 Jing et al., 1997; Thompson et al., 1998) , although NRTN also can signal via the GFR␣1-Ret receptor complex (Creedon et al., 1997) . Extensive efforts recently have been initiated to elucidate the downstream signaling of the GDNF ligand family after receptor binding. GDNF, as well as NRTN, stimulates the Ras/MAP kinase pathway via Ret (Ohiwa et al., 1997) . In addition, a recent study suggests that exogenous Ca 2ϩ is required for GDNF/NRTN-mediated Ret activation (Nozaki et al., 1998) . Nevertheless, little is known about how NRTN and GDNF interact with the receptor complex and activate intracellular signaling cascades.
Recent evidence suggests that GDNF acts as a survival factor for certain PNS neurons only at early developmental stages and for other PNS neurons at late developmental stages (Buj-Bello et al., 1995; Molliver et al., 1997) . These observations raise the question of whether NRTN acts on PNS neurons at specific developmental stages and, if so, whether the stage-specific effects are regulated by its receptor expression. In the present study the neurotrophic effects of N RTN on chick ciliary, trigeminal, vestibular, and cochlear ganglia were examined at various embryonic stages by organotypic and dissociated neuron cultures. In addition, developmental changes in the expression of GFR␣ and Ret, the receptor components for N RTN, were examined in the cranial ganglia and related to those in N RTN responsiveness. Finally, the effects of retinoic acid on N RTN responsiveness were examined in light of the observation that retinoic acid can modulate neurotrophin responsiveness in developing PNS neurons by regulating receptor expression (von Holst et al., 1997) .
MATERIALS AND METHODS
Organot ypic culture. White Leghorn chick embryos at embryonic day 6 (E6), E9, E12, and E16 were used in the present study. The embryos were decapitated, and their vestibular (VG), cochlear (CG), ciliary (CLG), and trigeminal ganglia (TG) were dissected in HBSS under a dissection microscope. One ganglion was placed in the center of a well of 24-well culture dishes coated with 0.02% poly-D-lysine (Becton Dickinson, Bedford, M A). The basal medium was a serum-free DM EM / F12 (Life Technologies, Grand Island, N Y) supplemented with 10 mM H EPES, 100 U/ml penicillin, and 1% I TS plus PREM I X (Becton Dickinson). The medium contained N RTN (1, 10, 50, or 100 ng /ml), PSPN (50 or 100 ng /ml), BDN F, C N TF (50 ng /ml; both kindly provided by Regeneron, Tarrytown, N Y), or no factor (control). Some explants were incubated in a combination of N RTN (50 or 100 ng /ml) and 10 M all-trans-retinoic acid (dissolved from 10 mM stock in DMSO; Sigma, St. L ouis, MO). The ganglia were incubated with 5% C O 2 at 37°C for 3 d (E6, E9, and E12 ganglia) or 5 d (E16 ganglia). The outgrowth of neurites was documented photographically with a Nikon Diaphot inverted microscope. The 35 mm photographic negatives were digitized with a Nikon Cool Scan film scanner. The magnitude of neurite outgrowth was evaluated quantitatively and described as an average of the radial distance of neurite tips from the explant. Four radial lines drawn from the center of the explant divided the field into four equal sectors (90°/sector). The length of outgrowth was measured from the edge of the explant to the distal tip of the longest neurites in each sector. The mean outgrowth was calculated as the average length of neurites for all sectors of each explant. Six to 14 ganglia for each experimental group were obtained from at least two separate experiments and were used for measurement.
Neurofilament staining. The explants were fixed with 4% paraformaldehyde for 30 min, and their neurite processes were verified by immunohistochemical staining with a neurofilament antibody. The specimens were incubated at room temperature in blocking solution [1% Triton X-100 and 3% bovine serum albumin (BSA) in PBS] for 1 hr and subsequently with a 160 kDa neurofilament antibody (clone RMO-270, 1:2000; Zymed, San Francisco, CA) diluted in blocking solution for 2 hr. Endogenous biotin was inhibited by NeurtrAvidin (0.1 mg /ml in blocking solution; Pierce, Rockford, IL) for 15 min and 2 mM D-biotin (Pierce) for 1 hr. Thereafter, the specimens were incubated with biotinylated antimouse IgG (5 l /ml in blocking solution; Vector Laboratories, Burlingame, CA) for 1 hr, and the reaction product was visualized by peroxidase-conjugated E xtrAvidin (1:1000; Sigma) with TrueBlue (K irkegaard & Perry, Gaithersburg, MD) as a substrate.
Dissociated neuron culture. CLG, TG, and VG were removed from E9 chick embryos in sterile conditions. Sixteen to 20 ganglia were collected and incubated in 0.1% trypsin in calcium-, magnesium-free HBSS for 30 -45 min at 37°C. The enzymatic reaction was stopped by adding ice-cold DM EM / F-12 and heat-inactivated horse serum. The ganglia were transferred to defined medium and triturated with a fire-polished glass pipette. The dissociated cells were plated on a 60 mm untreated Petri dish for 2 hr to enrich the neuronal population. Then the cells were plated on 24-well tissue culture plates coated with poly-D-lysine (200 g /ml) and laminin (50 g /ml; Life Technologies) at the average density of 300 cells/mm 2 . C ells were incubated in serum-free medium supplemented with N RTN, C N TF, BDN F (50 ng /ml each), a combination of N RTN and retinoic acid, or no factor (control). Neuronal survival was determined 2 d after the start of incubation by counting phase-bright cells with neuronal morphology. Surviving neurons were verified f urther by the Live/ Dead viability assay kit (Molecular Probes, Eugene, OR) according to the manufacturer's instructions. Viable neurons were counted with a grid ocular reticule covering an area of 0.5 mm 2 . For each well, approximately five randomly selected fields (three to four wells per group per experiment) were counted. Data were collected from at least three separate experiments for each group. Some of the cultures were fixed with 4% paraformaldehyde for 30 min and labeled with a Ret antibody.
Immunohistochemistr y. E6, E9, E12, and E16 chick embryos were fixed in 4% paraformaldehyde/0.1% glutaraldehyde overnight at 4°C and embedded in paraffin. Horizontal sections (10 m) of the whole heads were cut and mounted on Superfrost plus slides (V W R Scientific, West Chester, PA). Sections that included vestibular, cochlear, ciliary, or trigeminal ganglia were stained with 1% toluidine blue or the indicated antibodies. After deparaffinization, the sections were treated with 0.3% H 2 O 2 in methanol for 10 min to inactivate the endogenous peroxidase. The sections subsequently were incubated at room temperature in blocking solution [0.3% Triton X-100, 5% BSA, and 10% normal horse serum in hi-salt (1.8% NaC l) PBS] for 1 hr and then either with anti-Ret (1:100; Santa Cruz Biotechnology, Santa Cruz, CA) or with anti-GFR␣ (anti-GDN FR␣, clone 17, 1:500; Transduction Laboratories, Lexington, K Y) in blocking solution at 4°C overnight. The GFR␣ antibody that is raised against GFR␣1 cross-reacts with GFR␣2 and was used in the present study for probing both GFR␣1 and GFR␣2. The amino acid sequences for both human Ret and rat GFR␣ epitopes differ from the corresponding chicken sequences by only a single amino acid. Thereafter, the sections were incubated with biotinylated secondary antibody (5 l /ml; Vector Laboratories) in blocking solution for 1 hr, and the reaction product was visualized by the biotin -avidin -HRP detection system (ABC Elite kit, Vector Laboratories), using 3,3Ј-diaminobenzidine (DAB) as a substrate. To confirm the specificity of the staining, we processed sections either by omission of incubation with a primary antibody or with the primary antibody preabsorbed with a blocking peptide. To count the number of Ret-positive neurons, we digitized and analyzed every 10th section throughout the entire ganglion from at least three animals at each developmental stage.
Western blot anal ysis. Cranial ganglia (ciliary, trigeminal, and vestibular ganglia) or whole brains were dissected from E9 chick embryos. Tissues were homogenized with a 25-gauge syringe needle in 300 l of lysis buffer [(containing in mM) 10 H EPES, pH 7.4, 10 KC l, 0.2 EDTA, 1 DTT, and 0.5 Pefabloc (Roche) plus 10 g /ml aprotinin]. After 15 min on ice, Nonidet P-40 was added to a final concentration of 0.65%. Samples were centrif uged for 10 min at 4°C, and the resulting supernatant was added to the sample buffer. The protein concentration was determined via the BCA protein assay (Pierce). In each lane 10 -15 g of protein was run on a 10% SDS-polyacrylamide gel and transferred to a poly vinylidene difluoride membrane (Bio-Rad, Hercules, CA). The blots were incubated sequentially in blocking buffer (Tropix, Bedford, M A), anti-GFR␣ antibody (1:3000), and alkaline phosphatase-conjugated antimouse IgG. The blots were visualized with the Western -Star chemiluminescent detection system (Tropix) according to the manufacturer's instructions.
RESULTS

Ciliary, trigeminal, and vestibular ganglion neurons have different onset times for NRTN responsiveness
The CLG neurons extended a robust outgrowth (2489 Ϯ 134 m) in the presence of 50 ng/ml NRTN at E6, the earliest developmental stage that was examined (Fig. 1 ). An extensive neurite outgrowth also was observed from E9 CLG explants that were grown in medium containing NRTN (Figs. 1, 2). Although CLG neurons showed a significant outgrowth with NRTN at E12, the average length of neurites of E12 CLG neurons (1647 Ϯ 236 m) was significantly shorter than that of E6 or E9 CLG neurons. By striking contrast to the extensive outgrowth at E6 -E12, no outgrowth was observed from E16 CLG with NRTN at 10 -100 ng/ml in comparison to controls (Fig. 1) . Unlike the CLG neurons, TG neurons did not respond to NRTN at E6 (Fig. 1) . By E9, however, TG neurons had become responsive to NRTN, inducing a significant outgrowth (1730 Ϯ 129 m; Figs. 1, 2). The average outgrowth of TG neurons in response to NRTN was greater at E12 (2342 Ϯ 186 m) than at E9, and the magnitude of outgrowth was sustained out to E16 (1901 Ϯ 139 m; Fig. 1 ). Qualitatively, a greater number of neurites were observed from E12 TG ex-plants than from E9 TG explants (Fig. 2) . Temporal changes in the sensitivity of VG neurons to N RTN differed from those of CLG and TG neurons. N RTN did not promote neurite outgrowth from E6 nor E9 VG neurons (Figs. 1, 2) . VG neurons, however, showed a significant outgrowth in the presence of N RTN at E12 (316 Ϯ 169 m), and neurite length increased f urther at E16 (1298 Ϯ 100 m; Figs. 1, 2) than at E12. Interestingly, NRTN had no positive effects on CG, which are located near the VG, at all developmental stages that were tested (E9 -E16) (Fig. 2) .
The NRTN-induced neurite outgrowth from various cranial ganglia was dose-dependent, with the saturation point ϳ50 -100 ng/ml (Fig. 3) . The total length of neurites from E9 CLG increased monotonically with the concentration of NRTN up to 50 ng/ml, at which point the outgrowth reached a maximal value. NRTN at 100 ng/ml promoted an equivalent outgrowth from the CLG neurons, whereas NRTN at 1 ng/ml had little effect on the neuron outgrowth. At this stage, TG neurons also showed dosedependent responses to NRTN. NRTN at 10 ng/ml or higher concentrations elicited a significant outgrowth from the E9 TG neurons. E16 VG neurons showed a significant outgrowth in response to NRTN at concentrations between 10 and 100 ng/ml, and a maximal outgrowth was observed at 100 ng/ml.
To test the specificity of the neurotrophic effects, we compared the magnitude of neurite outgrowth with NRTN (50 -100 ng/ml) to that with other neurotrophic factors (Fig. 4) . E9 CLG neurons showed an extensive outgrowth (2069 Ϯ 184 m) in the presence of 50 ng/ml CNTF, the only known survival factor for CLG neurons (Lin et al., 1989) . The outgrowth of CLG neurons with CNTF was comparable to that with NRTN. In contrast, the CLG neurons showed virtually no outgrowth in the presence of BDNF or in the absence of a neurotrophic factor (control). PSPN (50 or 100 ng/ml) had no effect on E9 CLG neuron outgrowth (data not shown). Interestingly, E16 CLG neurons showed a significant outgrowth in response to CNTF at 50 ng/ml (data not shown), which contrasts with no outgrowth in the presence of NRTN at E16 (see Fig. 1 ). The neurite outgrowth of E9 TG neurons with NRTN was much greater than that with CNTF (350 Ϯ 83 m) but was less than that with BDNF (2414 Ϯ 198 m). E9 VG neurons showed a significant outgrowth with BDNF but did not respond to CNTF or NRTN.
To verify whether NRTN can promote the survival of the cranial ganglion neurons, we performed a survival assay with the dissociated neuron culture (Fig. 5) . In medium containing NRTN, the majority of E9 CLG neurons (83%) was viable after 48 hr in culture, compared with 2.5% survival in the control culture. CNTF also promoted the survival of CLG neurons at a degree equivalent to NRTN. In contrast, only 30% of dissociated E9 TG neurons were viable after 48 hr in culture with NRTN. This is consistent with our observation that a limited number of neurite processes were observed from E9 TG explants cultured with NRTN (see Fig. 2 ). The surviving TG neurons showed Ret immunoreactivity, which was absent in non-neuronal cells or neurons probed with the peptide-absorbed antibody (Fig. 5C) . A significantly greater number of the TG neurons (51%) survived in the presence of BDNF. The failure of BDNF to promote the survival of approximately one-half of the TG neurons presumably is attributable to the fact that TG neurons of neural crest origin are NGF-dependent.
Different cranial ganglia have different onset and offset times for Ret expression
To explore the possibility that the differential effects of NRTN on CLG, TG, and VG neurons are attributable to differential developmental regulation of its receptor expression, we examined Ret protein expression in the cranial ganglia. We found that Ret protein expression changes spatiotemporally in chick cranial ganglia during development. At E6, CLG neurons showed positive Ret staining, whereas TG and other cranial ganglia were devoid of Figure 1 . Changes in the effects of N RTN on neurite outgrowth from cranial ganglion explants during development. Each graph depicts the average length of neurites (Ϯ SE) from ciliary (CLG; A), trigeminal (TG; B), and vestibular (VG; C) ganglion explants cultured with N RTN (50 ng/ml for ciliary ganglia and 100 ng /ml for trigeminal and vestibular ganglia) in comparison with control explants cultured in the absence of NRTN; shown after 3 d (E6, E9, E12) or 5 d (E16) of incubation. A, NRTN elicits a neurite outgrowth from E6, E9, and E12 ciliary ganglia, whereas no positive effect was observed from E16 ciliary ganglia. B, NRTN has little effect on E6 trigeminal ganglia but promotes an extensive outgrowth from E9 -E16 trigeminal ganglia. C, Unlike ciliary or trigeminal ganglia, vestibular ganglia respond to N RTN only at E12 and E16. n ϭ 9, 6, 9, 6, 6, 12, 7, and 12 (from lef t, for CLG); n ϭ 8, 6, 11, 6, 8, 11, 6 , and 10 (from left, for TG); n ϭ 6, 6, 8, 11, 6, 14, 8, and 12 (from left, for VG).
Ret staining (data not shown). At E9, a uniform positive staining was observed in virtually all CLG neurons (Figs. 6, 7) . In contrast, intense Ret immunoreactivity was observed only in a subpopulation of TG neurons. Ret-positive neuron cell bodies were localized in the rostral portion of the TG (Figs. 6, 8) . Ret labeling was absent in E9 VG as well as CG neurons (Fig. 6) . Intense staining of Ret in TG, in contrast with negative staining in VG, was seen consistently in the same sections, clearly indicating differential expression of Ret protein in midstage developing chick cranial ganglia. A count of the neuron number revealed that ϳ33% of TG neurons were Ret-positive at E9 (Fig. 7) . By E12, however, the vast majority of TG neurons had become Ret-positive (Figs. 7, 8) . At this time, ϳ26% of VG neurons also showed positive staining with Ret (Fig. 7) . By contrast, Ret staining in CLG decreased from 100% at E9 to 27% at E12. In addition, staining was faint even in Ret-positive CLG neurons. At E16 the vast majority of TG as well as VG neurons was positive with Ret staining (Figs. 7,  8 ), whereas Ret staining was absent in CG (data not shown). CLG and E12 ( E) trigeminal ganglion explant cultured with N RTN at 100 ng /ml. F, E16 cochlear ganglion explant with N RTN at 100 ng/ml. G, E9 vestibular ganglion explant with N RTN at 100 ng /ml. H, I, E16 vestibular ganglion explant grown with N RTN at 100 ng /ml ( H ) or 10 ng/ml (I ). Note that NRTN induces an extensive outgrowth from the E9, but not from E16, ciliary ganglia. In contrast, N RTN has positive effects on E16, but not E9, vestibular ganglia. NRTN has no effect on E16 cochlear ganglion explant outgrowth. The culture was immunostained with a neurofilament antibody (A, G, H ) or unstained phase-contrast micrographs (B -F, I ). Scale bar (shown in I ): A-C, F-I, 500 m; D, E, 260 m.
neurons, which showed prominent staining at E9, also were devoid of Ret staining at E16 (Figs. 7, 8) .
Because GFR␣ receptors comprise another component of the functional N RTN/GDN F receptor complex, we examined the spatiotemporal changes in GFR␣ expression in cranial ganglia. Because the rat epitope for the GFR␣ antibody (clone 17) has a 95% identity to the corresponding chicken sequence, we validated cross-reactivity of the antibody against chicken GFR␣ by Western blots. The antibody labeled double bands located between 45 and 60 kDa in lysate prepared from E9 chick cranial ganglia or whole brain (Fig. 8 D) . The positions of these immunoreactive bands coincided with those obtained from rat pituitary lysate, thus confirming the cross-reactivity of the antibody. Immunohistochemical staining of E9 cranial ganglia with a GFR␣ antibody demonstrated striking differences in localization between GFR␣ and Ret. First, GFR␣ and Ret were not colocalized in certain ganglia at a given developmental stage. GFR␣ was present in all CLG, TG, VG, and CG, whereas Ret was present only in CLG and TG (see Fig. 6 ). Second, subcellular localization of GFR␣ was different from and complementary to that of Ret in each ganglion. Intense staining of GFR␣ was observed in neurites emerging from the neuron cell body and also on the plasma membrane, with little staining in perikarya (Fig. 8) . The prominent localization of GFR␣ in neurites contrasts with a complete . The E9 ciliary ganglion shows a monotonic increase in neurite outgrowth in response to N RTN up to the concentration of 50 ng /ml, beyond which the magnitude of neurite outgrowth decreases. The trigeminal as well as vestibular ganglia show a monotonic increase in neurite outgrowth in response to NRTN, with a maximum outgrowth at 100 ng/ml. n ϭ 6, 6, 6, 9, and 6 (from left, for CLG); n ϭ 6, 9, 6, and 6 (from left, for TG); n ϭ 11, 7, 6, and 8 (from left, for VG). Figure 4 . Quantification of the effects of various neurotrophic factors on neurite outgrowth from E9 chick cranial ganglion explants. The graph shows the average neurite length (Ϯ SE) for ciliary, trigeminal, and vestibular ganglion explants grown in medium containing N RTN (50 ng /ml), CNTF (50 ng/ml), or BDNF (50 ng/ml) for 3 d in comparison with control ganglia cultured in the absence of the factors. C iliary ganglia are responsive to NRTN as well as to CNTF, trigeminal ganglia to N RTN as well as to BDN F, and vestibular ganglia only to BDN F. Note that the three cranial ganglia respond to the neurotrophic factors in a distinctive and specific manner. n ϭ 9, 6, 6, and 6 (from lef t, for CLG); n ϭ 11, 7, 8, and 6 (from lef t, for TG); n ϭ 8, 9, 12, and 11 (from left, for VG).
absence of Ret staining in these regions. Essentially the same staining pattern was observed in E12 (Fig. 8) as well as in E16 ganglia, suggesting that GFR␣ protein levels do not change significantly during the developmental stages between E9 and E16.
Retinoic acid induces NRTN-dependent neurite outgrowth and Ret expression
Given that retinoic acid induces Ret expression in several cell lines in vitro (Tahira et al., 1991; Hishiki et al., 1998) , we tested whether retinoic acid would induce N RTN responsiveness from E9 VG, which does not express Ret protein in situ. The VG explants grown for 3 d in medium containing 10 M retinoic acid and 100 ng /ml N RTN showed an extensive neurite outgrowth (947 Ϯ 110 m) in contrast to no outgrowth from explants that were cultured with N RTN alone (Fig. 9) . In addition, fibroblastlooking non-neuronal cells that were seen around VG in culture with N RTN alone were not observed in cultures containing NRTN and retinoic acid (Fig. 9) . To check whether retinoic acid itself induces neurite outgrowth, we incubated some E9 VG explants with retinoic acid, but without N RTN. Quantitative analysis showed that a significant neurite outgrowth was induced from VG cultured with retinoic acid (340 Ϯ 172 m) and that the magnitude of neurite outgrowth induced by retinoic acid alone was significantly smaller than that induced by a combination of NRTN and retinoic acid (t ϭ 2.61; p Ͻ 0.05; Fig. 9 ). To examine the possibility that the observed increases in neurite processes were based on Ret protein expression, we labeled the E9 VG neurons for Ret. Dissociated E9 VG neurons cultured for 2 d in medium containing NRTN and retinoic acid showed a strong Ret staining in their cell bodies (Fig. 9) . In contrast, non-neuronal cells in the same culture were devoid of staining, indicating the specificity of Ret induction by retinoic acid. DISCUSSION NRTN is a multimode neurotrophic factor in developing chick cranial ganglia, and its actions are modulated by Ret NRTN-induced neurite outgrowth was first detected in CLG neurons at E6, when NRTN has little effect on TG neurons and VG neurons. The CLG neurons showed maximal outgrowth at E6 -E9, after which the responsiveness of CLG neurons to NRTN declined and finally became undetectable by E16 (see Fig. 1 ). The preferential effects of N RTN on early stage CLG neurons are consistent with a previous report showing that GDN F promotes the survival of early stage CLG neurons (Buj-Bello et al., 1995) . The early stage effects of N RTN and GDN F, however, differ from the long-lasting effects of C N TF on the CLG neurons. Our observations also indicate that N RTN promotes the outgrowth of midstage (E9 -E16) chick TG neurons (see Fig. 1) . The stage at which TG neurons started responding to N RTN was later than that of CLG neurons but earlier than that of VG neurons. Positive effects of N RTN were observed in VG neurons at stage E12 and later but were never detected in CG neurons at any of the developmental stages that were examined. This finding is similar to our recent study (Hashino et al., 1999) , in which VG neurons switched their sensitivity from BDN F to GDN F between E12 and E16. GDN F mRNA expression lags behind BDN F mRNA expression in the developing rat cochlea (Pirvola et al., 1992; Ylikoski et al., 1998) , which also suggests that GDNF and NRTN play a major role in late-stage inner ear development.
We first detected Ret immunostaining in CLG at E6 and subsequently in TG at E9 and in VG at E12 (see Fig. 7 ). The developmental stage at which Ret protein first was detected in various cranial ganglia coincides with the stage at which neurons in the corresponding ganglion started to respond to NRTN (Fig.  10) . In each ganglion only a subpopulation of neurons was Retpositive at the time when the protein was first detected. By 3 d after the first expression, however, the majority of neurons in the ganglion had been labeled with Ret (E9 in CLG, E12 in TG, E16 in VG). In CLG, Ret labeling was very faint at E12 and undetectable at E16 (see Fig. 8 ), indicating that Ret expression is downregulated in CLG through mid-to late embryonic stages. Collectively, the present results imply a developmental regulation of Ret protein expression in chick cranial ganglia. In addition, Ret-positive cranial ganglion neurons showed a vigorous out- growth and survival in the presence of N RTN at 50 -100 ng/ml, whereas neurons devoid of Ret (E16 CLG, E6 TG, E9 VG, and E9 -E16 CG) showed no neurite outgrowth (see Figs. 1, 7, 10) . These results strongly support the assumption that Ret is required for N RTN-mediated cellular responses (Baloh et al., 1997; Klein et al., 1997) .
NRTN may be an essential target-derived neurotrophic factor for developing parasympathetic neurons
The importance of C N TF in parasympathetic neuron development has long been postulated on the basis of its potent survival effects on developing CLG neurons in vitro (Lin et al., 1989; Eckenstein et al., 1990) . This assumption, however, has been hampered by several lines of evidence. First, the expression of CNTF, both mRNA and protein, is very low or undetectable during development. C N TF levels first become detectable at postnatal week 2 in rats (Sendtner et al., 1994) . In addition, a steep increase in C N TF levels was detected between E10 and E19 in chick eyes (Finn and Nishi, 1996) . The time of C N TF synthesis does not coincide with the developmental stage at which trophic support is required for the CLG neurons (the cell death period). Second, a predominant expression of C N TF in myelinating Schwann cells (Rende et al., 1992) contradicts its potential role as a target-derived factor. Third, a gene deletion study showed that CNTF homozygous mice had only a small reduction in motor neurons without any other abnormalities in the PNS or CNS (Masu et al., 1993) . More striking evidence has been revealed showing that ϳ2.5% of the Japanese population is homozygous for a null mutation of C N TF, which is not associated with any recognizable neurological disorders (Takahashi et al., 1994) . Collectively, the currently available data suggest that C N TF may act primarily as a general regulator or maintenance factor for mature PNS neurons (Mitsumoto et al., 1994) .
Recent gene deletion studies raised an alternative hypothesis that N RTN is a critical survival factor for parasympathetic neurons. Mutant mice lacking mRNAs for N RTN or its high-affinity receptor, GFR␣2, had a similar phenotype exhibiting a substantial reduction or loss of parasympathetic innervation (Heuckeroth et al., 1999; Rossi et al., 1999) . The present results showing robust effects of NRTN on CLG neuron outgrowth and survival in vitro (see Figs. 2, 5) , thus, essentially substantiate the results obtained from the mutant mice. Importantly, positive effects of NRTN on CLG neurons were observed only during the period of target innervation and programmed cell death (see Figs. 1, 10) . In addition, a strong expression of NRTN mRNA in the lacrimal and salivary glands (Widenfalk et al., 1997; Golden et al., 1999) and GDNF mRNA in eyes (Buj-Bello et al., 1995) during development further suggests that the synthesis of NRTN and GDNF is regulated developmentally in the target tissues of parasympathetic neurons. Furthermore, a profound localization of the GFR␣ receptor in distal processes of neurites (see Fig. 6 ) provides a molecular basis for the retrograde transport of NRTN, although no direct evidence has been provided to support this possibility. Collectively, NRTN fulfills most of the criteria for being considered a target-derived neurotrophic factor that plays a critical role in parasympathetic neuron development.
Ret may be a key gene involved in the segregation of vestibular and cochlear ganglia
Despite the stage differences, Ret protein was expressed in all cranial and cervical ganglia (nodose, SCG, DRG), with the exception of the cochlear ganglion. Ret was not detected in the chick cochlear ganglion neurons throughout the developmental stages that were tested (E6 -E16). In addition, Ret protein also was absent in developing rat cochlear ganglia, which contrasts with an intense Ret labeling in the adjacent vestibular ganglion (M. Shero and E. Hashino, unpublished observations). In support for our observations, Ret mRNA was not detected in either developing or adult rat cochleae (Ylikoski et al., 1998) . In this regard, it is interesting to note that vestibular and cochlear ganglia arise originally from one ganglion (vestibocochlear ganglion) that is of placodal origin. The segregated expression of Ret in vestibular versus cochlear ganglion raises the possibility that the Ret gene may play a critical role in the differentiation of VG and CG. Ret mRNA expression was confined to a region immediately anterior to the otic vesicle in E3-E4 chicks (Robertson and Mason, 1995; Schuchardt et al., 1995) or E9 mice (Pachnis et al., 1993) , suggesting that vestibular ganglion neurons start to express Ret mRNA before segregation of the vestibocochlear ganglion (E6 -E7 in chicks; E13.5 in mice). Another striking aspect of the present results was that Ret expression is regulated differently in cranial sensory ganglia during development. The temporal order at which Ret protein was first detected in various ganglia is consistent with the observations that Ret mRNA is expressed strictly in a rostrocaudal temporal sequence in chick cranial ganglia (Robertson and Mason, 1995) . It should be noted, however, that the first sign of Ret protein expression lags behind, by several days, the first expression of its mRNA. This suggests that additional developmentally regulated genes could be involved in the post-transcriptional processes.
Recent studies have identified several genes that directly or indirectly can regulate Ret expression. Among the candidate genes, certain classes of homeobox genes, such as Phox2a, could regulate Ret expression directly (Morin et al., 1997) . Retinoic acid also could regulate Ret expression, because it was shown that the application of retinoic acid in vitro induced a marked increase in Ret mRNA expression from a human neuroblastoma cell line (Tahira et al., 1991) . Furthermore, the induction of Ret mRNA expression was associated with neurite outgrowth and an increase in neurofilament mRNA. In agreement with this, we showed that retinoic acid induced neurite outgrowth in response to NRTN from E9 VG neurons, which do not express Ret protein in situ and thus do not show neurite outgrowth in the presence of NRTN (see Fig. 9 ). The acquisition of N RTN responsiveness appears to be based on the induction of Ret protein expression in the VG neurons. The search for retinoic acid response elements in the Ret gene has been initiated, but has been unsuccessf ul thus far (Partone et al., 1997) .
Conclusion: Ret turns on and off NRTN actions on developing cranial ganglia
The present study provided evidence that developing chick cranial ganglia have different onset and offset times for NRTN responsiveness and that these times are regulated by Ret protein expression. Ret-positive cranial ganglion neurons showed a vigorous outgrowth in response to NRTN and appeared to be supported by this factor. Ret-positive neurons first were detected in CLG, a most rostrally located ganglion, and subsequently were found in other ganglia in the order along the anteroposteral axis of the head during development. Ret was never detected in the cochlear ganglion. E xogenous application of retinoic acid induced NRTN responsiveness from E9 VG neurons, an action that was associated with Ret protein induction. Further investigation is required to determine (1) genes that directly regulate Ret transcription, (2) the interactions of Ret with GFR␣ receptors, and (3) the functional significance of the differential activation to NRTN (and probably GDNF) responsiveness in various cranial ganglia during development. 
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